Josephson tunnel junctions with ferromagnetic $\Fe_{0.75}\Co_{0.25}$
  barriers by Sprungmann, D. et al.
ar
X
iv
:0
90
5.
07
61
v1
  [
co
nd
-m
at.
su
pr
-co
n]
  6
 M
ay
 20
09
Josephson tunnel junctions with ferromagnetic Fe0.75Co0.25 barriers
D. Sprungmann, K. Westerholt and H. Zabel
Institut fu¨r Experimentalphysik / Festko¨rperphysik,
Ruhr-Universita¨t Bochum, 44780 Bochum, Germany
M. Weides and H. Kohlstedt
Institute of Solid State Research and JARA-Fundamentals of Future Information Technology,
Research Centre, Ju¨lich, 52425 Ju¨lich, Germany
Josephson tunnel junctions with the strong ferromagnetic alloy Fe0.75Co0.25 as the barrier material
were studied. The junctions were prepared with high quality down to a thickness range of a few
monolayers of Fe-Co. An oscillation length of ξF2 ≈ 0.79 nm between 0 and π-Josephson phase
coupling and a very short decay length ξF1 ≈ 0.22nm for the amplitude of the superconducting pair
wave function in the Fe-Co layer were determined. The rapid damping of the pair wave function
inside the Fe-Co layer is caused by the strong ferromagnetic exchange field and additional magnetic
pair breaking scattering. Josephson junctions with Fe-Co barriers show a significantly increased
tendency towards magnetic remanence and flux trapping for larger thicknesses dF .
PACS numbers: 74.50.+r, 74.45.+c, 74.78.FK, 85.25.Cp, 74.25.Fy, 74.45.+c
I. INTRODUCTION
The proximity effect in thin film heterostructures com-
bining superconducting (S) and ferromagnetic (F) lay-
ers is a topic of great current interest [1]. For example,
it was shown that the critical temperature Tc depends
on the thickness and magnetic orientation of F-layers in
SF bi- or multilayers [2, 3, 4]. Another closely related
phenomenon is the occurrence of so-called π-coupling in
SFS-type Josephson junctions (JJs). For certain thick-
ness ranges of the ferromagnetic layer dF the Josephson
coupling energy EJ has a minimum for a phase differ-
ence ϕ = π and not for ϕ = 0 as in normal Josephson
junctions. The ground state of the Josephson junction
oscillates between 0- and π-coupling with the oscillation
period given by ∆dF = πξF . The magnitude of the mag-
netic length ξF depends on the kind of transport regime.
In the clean limit, i.e., when for the electron mean free
path ℓm in the ferromagnet ℓm ≫ ξF holds, it is deter-
mined by ξF = ~vF /Eex, with the Fermi velocity vF ,
the exchange energy Eex and Planck’s constant ~. In the
dirty limit, i.e. if ℓm ≪ ξF , ξF depends on the electron
diffusion constant DF =
1
3
vF ℓm via
ξF =
√
~DF
Eex
.
For SIFS-type junctions in the dirty limit with magnetic
scattering the critical current is given by [5, 6]:
IcRn(dF ) ∝
∣∣∣∣cos
(
dF − d0
ξF2
)∣∣∣∣ exp
(
−
dF
ξF1
)
. (1)
where d0 denotes the thickness of the non-magnetic (dead
magnetic) part of F-layer and I stands for the AlOx
tunnel barrier within the stack, Rn is the resistance in
the normal state. In general the decay length ξF1 and
Figure 1: (Color online) Schematic design of the SINFS-type
junctions, the insulation is prepared by using an anodic oxi-
dation technique.
the oscillation length ξF2 are different. In the limit
Eex ≫ kBTc they are related by the equation [6]:
ξF1,F2 = ξF
√√√√√ 1√
1 +
(
~/τie
Eex
)2
±
(
~/τie
Eex
) ,
where the positive and negative sign in the denominator
refers to ξF1 and ξF2, respectively.
Only if the pair breaking scattering rate τ−1ie is small,
i.e. ~/τie ≪ Eex, ξF1 ≈ ξF2 holds. For strong pair
breaking scattering they differ and ξF1 < ξF2.
The experimental confirmation of π coupling in SFS-
type [7, 8, 9] as well as in SIFS-type JJs [5, 10], promoted
an upsurge of interest in JJs with ferromagnetic barri-
ers. This is motivated by the perspective of applying
π-coupled Josephson junctions in flux qubits or digital
logic circuits [11]. For example, by combining a tunnel
0- and a metallic π-JJ into one superconducting loop,
one can define a quantum mechanical superconducting
two level system with all properties required for the basic
unit of quantum computational devices, so-called qubits
[12]. The physics of fractional vortices can also be stud-
2ied in junctions with combined 0 and π coupling [13].
For the superconducting layer S the elemental supercon-
ductor Nb is nearly exclusively used in the literature
[5, 8, 10, 14, 15, 16]. For the F-layer either diluted
ferromagnets like PdNi [10], NiCu [5, 14] or SiFe [15]
or elemental 3d magnets are applied. In diluted ferro-
magnetic alloys the pair breaking of the Cooper pairs by
the exchange field is weak and the oscillation length can
be rather large, thus enabling for large thicknesses dF
a still high superconducting critical current density jc.
This simplifies the observation of oscillations in Ic(dF ),
which is taken as the main experimental evidence for π-
coupling. The first minimum (0 to π) [5, 10] and also the
second minimum (π to 0) [14] was observed in JJs using
Ni-Cu alloys.
Junctions with 3d transition metals like Fe, Co and Ni
as the barrier material were studied in [9, 16, 17]. By
using strong ferromagnets as the barrier material one ex-
pects a very short oscillation period, corresponding to a
thickness of a few monolayers only. From the experimen-
tal point of view it is challenging to grow homogeneous
barriers to obtain junctions with a sufficient compara-
bility, which is crucial to observe the 0 to π-transition.
Small lateral inhomogeneities in the ferromagnetic layer
would severely deteriorate the junction properties by lo-
cally inducing phase shifts in the oscillating pair density.
The competition between the short oscillation period and
the exponentional damping of the critical current density
caused by the strong pair breaking from the exchange
field characterizes the shape of the Ic(dF )-dependence.
Since the ratio ξF1ξF2 determines the location of the 0-π-
transition, one can estimate the crossover thickness d0−piF
even if the crossover is not observable directly. The al-
loy Fe0.75Co0.25, which we chose for the F-layer, has the
largest magnetic moment of about 2.5µB per atom in the
bulk among the 3d transition metal series. Therefore we
expect a large exchange energy and correspondingly very
short coherence lengths which should be smaller than
those of comparable Fe- or Ni-junctions. The value of
the exchange energy of Fe0.75Co0.25 must be considered
as the maximum value possible for SFS/SIFS junctions,
based on 3d transition metals. Until now the composi-
tion Fe0.75Co0.25 has not been studied in the context of
π-junctions.
II. PREPARATION AND EXPERIMENTAL
The junctions were fabricated using a combination
of dc-magnetron sputtering and optical lithography, as
described in detail in Ref. [18]. The schematic design
of the junctions is depicted in Fig.1. The complete thin
film stack including the barrier and a part of the top
Nb-electrode was sputtered in one run in a commercial
sputtering chamber (Leybold Univex 450B) with a
base pressure of 4 · 10−7 mbar on a thermally oxidized
Si-substrate at room temperature, see Fig. 1.
After sputtering a (Nb(40 nm)Al(2.4 nm))4 multilayer,
the 5 nm thick Al layer was deposited and thermally
oxidized for 30 minutes in pure oxygen at pressures of
1.5 mbar and 0.015 mbar, respectively. By using an
oxidation pressure of 0.015 mbar instead of 1.5 mbar the
AlOx layer is definetely thinner and the critical current
density increases by a factor of 12-15. This is helpfull to
improve the signal quality for larger Fe-Co thicknesses,
for which we expected a significant supression of the
supercurrent. The purpose of the thin Al interlayers
in the Nb/Al multilayer is the optimization of the top
Nb/Al interface in order to reduce the barrier rougness
to a minimum. Depending on the oxygen pressure, about
1-2 nm of the Al-layer are transformed into AlOx. The
remaining metallic Al film becomes superconducting by
the proximity effect below the transition temperature of
Nb. On top of the AlOx-layer a 2nm thick non-magnetic
(N) Cu-film is sputtered, followed by the Fe-Co ferro-
magnetic film. In recent work [18] it was shown that the
Cu-interlayer is needed to keep the interface roughness
of the F-layer on an acceptable level. The Fe-Co film
is wedge shaped along the substrate length using the
natural gradient of the sputtering rate. As a final step
the Nb-counter-electrode with a thickness of 40 nm was
deposited.
After the lift-off process mesas of 10 × 50 µm2 and
10× 200µm2 are defined by optical lithography and ion-
beam etching. Afterwards the current leads and the sides
of the stack are isolated by anodic oxidation of Nb [19].
Finally, after a short Ar plasma etching, the top electrode
is completed by sputtering another 400 nm of Nb.
For the present study we prepared two series of junctions
with two different AlOx barrier thicknesses. The first se-
ries with the thinner AlOx barrier covered the thickness
range dF = 0.9 − 3.2 nm for the Fe-Co layer and had a
normal state resistance for the 10× 50 µm2 JJs of about
Rn = 0.16 Ω and Rn ≈ 0.052 Ω (10 × 200 µm
2), re-
spectively. The second series with a thicker AlOx barrier
covered the thickness range dF = 0.4 − 1.1 nm and had
Rn ≈ 1.07 Ω (10× 50 µm
2).
The ferromagnetic properties of the thin Fe-Co lay-
ers were studied by a commercial SQUID magnetometer
on identical, non-microstructured layer stacks covering
the same Fe-Co thickness range. The I-V characteris-
tics of the Josephson junctions with and without an ap-
plied magnetic field in the film plane were measured at
T = 4.2 K in a shielded 4He cryostat using home made
electronics.
III. RESULTS AND DISCUSSION
The magnetism of the Fe0.75Co0.25 alloy layer in the
JJs plays an important role, thus we first characterize
the magnetic properties. The magnetic hysteresis loops
of the SINFS stacks with dF in the same range as for the
JJs have been measured at 15 K. In the inset of Fig.2
we show two examples for a thickness dF = 0.7 nm and
3Figure 2: Saturation magnetic moment per m2 vs Fe-Co thick-
ness dF measured at T = 15K. The dashed line ls a theoretical
curve corresponding to a magnetic moment of 2.5 µB/atom.
The red line leads to a total thickness of non magnetic in-
terlayers of d0 = 0.6 nm. The inset depicts the hysteresis
curves of two samples with different Fe-Co layer thicknesses
dF = 0.7 nm and dF = 4.0 nm.
dF = 4.0 nm. For the thicker film one observes a nearly
square shaped hysteresis loop with a coercive field of
200 Oe and a saturation magnetization corresponding to
about 70% of the bulk value. For the thinner film there
is only a very weak ferromagnetic signal, indicating that
due to intermixing at the interfaces very thin Fe-Co
layers become non-magnetic. The saturation magnetic
moment normalized to the sample area is plottet versus
the nominal thickness of the Fe-Co layer in Fig.2. Below
a nominal thickness of dF = 0.6 nm the layers are non
ferromagnetic. Above dF = 0.6 nm the ferromagnetic
moment gradually increases and approaches the bulk
moment of 2.5 µB/atom above about dF = 2.5 nm.
This indicates that at each interface by alloying with
Nb or Cu there is a reduction of the ferromagnetic
moment and the first two monolayers at each side are
non ferromagnetic.
A second experimental ingredient needed for a theoret-
ical description of the Josephson junctions is the conduc-
tion electron mean free path of the ferromagnetic layer
ℓm, which defines whether the dirty limit or the clean
limit theory for the JJs applies. We measured the electri-
cal conductivity of a single Fe0.75Co0.25 thin film of 8 nm
thickness on thermally oxidized Si. The Fe0.75Co0.25-
layer was capped with 30 nm of sputtered SiO2. The
film had a very small residual resistivity ratio RRR ≈ 1.2
(defined as the ratio of the resistance measured at room
temperature and at 4.2K) and a large residual resistivity
of ρm = 27 µΩcm. For Fe-Co in Ref.[21] a smaller value
of ρm = 14.8µΩcm was determined, indicating the sensi-
tive influence of different growth conditions. The electron
mean free path can be estimated using the standard free
Figure 3: (Color online) I-V-curves of three junctions with
different Fe-Co thicknesses measured at T = 4.2 K. The area
of the junctions was 10× 50 µm2.
electron model formula [20]:
ℓm =
π2k2B
e2ρmγsvF
with the electronic specific heat coefficient γ and the
Fermi velocity vF . With γ ≈ 750 Jm
−3K−2 and vF ≈
1.56 · 106 m/s (Co: vF = 0.28 · 10
6 m/s, Fe: vF =
1.98 · 106 m/s [16]) we estimated ℓm = 0.23 nm. This
very small value for the mean free path indicates strong
disorder scattering from the random distribution of Fe
and Co-atoms in the alloy. The value for ℓm derived
here must be considered as a rough estimate, because the
growth on SiO2 is not directly comparable to the growth
within the SINFS-stack.
In Fig. 3 we show I-V-curves of junctions with dif-
ferent thicknesses of the ferromagnetic layer dF . One
finds the typical features of Josephson tunnel junctions
with ferromagnetic barriers [5, 10, 18]. For small thick-
nesses dF the Josephson phase is strongly underdamped
and the I-V-curves exhibit a pronounced hysteresis. For
the lowest thickness in Fig.3 one can resolve the double
superconducting gap 2∆ of Nb at 2.7meV. With increas-
ing thickness dF this feature and the hysteresis gradually
vanish.
The Fraunhofer pattern Ic(H) of the same junctions
are shown in Fig.4a. For dF < 1.1 nm we observe highly
symmetric, periodic patterns with vanishing critical cur-
rent at the minima, which is a clear indication of the
homogeneity of both the AlOx and Fe-Co barriers in our
samples. For thicknesses dF > 1.1 nm (see Fig.4b) the
global maximum of the Fraunhofer patterns was found
to be increasingly shifted towards external fields H 6= 0,
indicating the existence of an intrinsic magnetic stray
field. Similar observations in Ni-based JJs have been
published recently in Ref.[23]. In the case of Ni the flux
4Figure 4: (Color online) a) H ⊥ long axis: In the thickness
range dF < 1.1 nm the Fraunhofer patterns exhibit mirror
symmetry. b) H ‖ long axis: For other junctions with thick-
nesses dF ≥ 1.1 nm flux trapping effects become inevitable.
The solid symbols belong to one junction measured for vari-
ous cooling cycles (∆T ≈ 200 K). The junctions were cooled
without applying an external magnetic field. The open circles
belong to a sample with a similar thickness dF showing the
shift of the Fraunhofer pattern exemplarily. In both cases a)
and b) the sample size was 10× 50 µm2.
trapping effects appear for thicknesses dF ≥ 3.7nm which
is significantly larger than in our samples. In the case of
Fe0.75Co0.25 the magnetic stray field appears within the
0-state, whereas in the case of Ni the samples are already
in the π-state. The Ic(H)-curve of one sample (open cir-
cles) in Fig.4b appears to be shifted by ∼ 2.5 mT along
the field axis, corresponding to 2-3 Φ0. In this case the
external field was parallel to the long axis of the junction.
If H was orientated perpendicular to the long axis only
extremely small critical currents could be measured even
for maximum fields around 3 mT. This indicates the pres-
ence of a magnetic shape anisotropy within the F-layer,
which shifts the Fraunhofer pattern opposite to the mag-
netization direction [23]. Additionally, we usually found
indication of some trapped magnetic flux, probably em-
anating from the ferromagnetic film and frozen in be-
low Tc. This flux leads to irregular, not reproducible
Ic(H) patterns and the global maximum critical current
Figure 5: (Color online) IcRn product vs Fe0.75Co0.25 thick-
ness dF . The solid line is a theoretical curve corresponding to
Eq. 1, the dashed curve corresponds to Eq.2 for thicknesses
dF ≤ 0.9 nm. The dotted line marks the resolution limit of
our instrumental setup. The parameters for the theoretical
curve are: Eex = 453 meV, ξF1 = 0.22 nm, ξF2 = 0.79 nm,
ξF = 0.42 nm, ℓm = 0.23 nm, ~/τie = 1.66 Eex. In order to
compare both series with different AlOx thicknesses the char-
acteristic voltage IcRn is plotted against dF . The squares and
the circles are data points from samples which were produced
within the same run. For thicknesses dF ≥ 1.7 nm no critical
currents could be observed anymore.
Ic cannot be defined precisely. The maximum experi-
mental critical current which is seen in the experiment
is always an underestimation for the true maximum crit-
ical current. Additionally, this random error causes an
increasing scattering of the data points for dF ≥ 1.1 nm
in Ic(dF ).
In Fig.5 the global maximum critical current Ic deter-
mined by Ic(H) versus the nominal thickness of the ferro-
magnetic layers dF is depicted. In fact the product of the
critical current and the normal state junction resistance
IcRn is plotted for a better comparison of the two series
of samples with different thickness of the AlOx-barrier.
Ic is strongly damped for increasing dF and reaches our
experimental resolution limit of IcRn ≈ 0.1 µV beyond
dF > 1.7 nm.
For a quantitative analysis of IcRn(dF) we divided the
data into two sections, as done in case of Ni-based SIFS
junctions in Ref. 17. For dF ≤ 0.6nm the JJs are approx-
imately treated as a SINS-type junction, with Eex = 0
meV. Then Eq.1 converts into:
IcRn(dF ) ∝ exp
(
−
dF
ξN
)
(2)
with the damping length
ξN =
√
~DN
2(πkBT +
~
τie
)
(3)
5and the diffusion constant in the non-ferromagnetic
layer DN (see Ref.[6]). From the tangent at very thin
Fe-Co layers (dF ≤ 0.6 nm) (see Fig.5, dashed line) we
derive a very short damping length ξN ≈ 0.28 nm and
IcRn(dF = 0.6 nm) ≈ 1mV, corresponding to a mag-
netic scattering energy of ~/τie ≈ 500meV and a critical
current density of the SINS stack of jc = 200 A/cm
2.
This indicates a decrease of IcRn by a factor of 2 caused
by the F-layer interface scattering compared to SIS or
SINFS JJs. In the case of SIFS JJs with the magneti-
cally weaker Ni as interlayer, a decrease by factor of ∼ 5
was determined [17].
In the thickness range dF > d0 = 0.6 nm the ferromag-
netism sets in (see Fig.4) and the theory for SIFS junc-
tions applies. From the envelope of the function Ic(dF )
following Eq.1, which was applied to our data points in
the thickness range between dF = 0.6 - 1.7 nm, we can
estimate the damping length ξF1 ≈ 0.22 nm (see Fig.5).
Obviously, the damping in the magnetic part of the film
is stronger than in the non-magnetic part (ξN = 0.28nm).
This indicates the effect of the strong exchange interac-
tion on the pair density.
For a quantitative comparison with theory the model
for SIFS junctions can be adapted to our system by con-
sidering the IN-layers between Nb and Fe-Co as one inter-
face with a very low transparency. In this model the os-
cillation length ξF2 = 0.79nm is definitely larger then the
decay length ξF1 = 0.22nm, indicating a considerable in-
fluence of pair breaking scattering on the tunneling. Us-
ing the experimental value for ξF1, ξF2 and ℓm = 0.23nm
we calculate Eex = 453 meV and ~/τie = 750 meV. The
ratio ~/τieEex = 1.66 is slightly larger but has the same
magnitude as the corresponding value of NiCu where
~/τie ≈ 1.33 · E
NiCu
ex ≈ 100 meV has been determined
[14]. Obviously the scattering energy of the NiCu-alloy
is 7.5 times smaller than the one for Fe-Co. The value
obtained for the exchange energy Eex = 453meV is found
to be significantly larger than for the elemental magnets
Ni (80 − 200 meV), Co (309 meV) or Fe (256 meV) [16].
This seems reasonable considering the strong magnetic
properties of Fe0.75Co0.25.
It should be mentioned, that although the 0 to π-
transition is located below the instrumental resolution
limit of 0.1 µV, the thickness dependence in Fig.5 sug-
gests a crossover 0 − π at dF ≈ 1.9 nm. The experi-
mental curve cannot be fitted reasonably by a pure ex-
ponentional decay, a fit with Eq.1 is much better. The
calculated oscillation period ∆dF = 2.48nm fits perfectly
into the series of values obtained for other systems like
∆dF = 3.7 nm [17] for pure Ni and ∆dF = 11.0 nm [14]
for the Ni0.53Cu0.47 alloy.
IV. SUMMARY AND CONCLUSIONS
We have shown that high quality JJs with the strong
ferromagnetic alloy Fe-Co as the barrier layer can be
grown. The high quality of the barriers has been demon-
strated by the observation of excellent Fraunhofer pat-
terns in case of non-magnetic or magnetically weak, i.e.
very thin F-layers. The JJs are characterized by a strong
damping of the superconducting pair amplitude in the
Fe-Co layers and a small oscillation period for the tran-
sition between 0-coupling and π−coupling. The strong
damping of the pair amplitude even for the thickness
range below dF = 0.6 nm, where the Fe-Co layers ap-
pear to be non-ferromagnetic in the hysteresis loops, is
probably caused by pair breaking scattering on magnetic
fluctuations, which exist in itinerant ferromagnets close
to a ferromagnetic phase boundary. The ferromagnetic
range, too, is characterized by strong inelastic pair break-
ing scattering of the Cooper pairs, indicating a high den-
sity of states for low energy magnetic excitations in the
Fe-Co ferromagnetic layer with a thickness of only a few
monolayers. Additionally we observe non-reproducible
flux trapping and intrinsic magnetization effects.
Applying the dirty limit model to our data gives a rea-
sonable set of parameters and a consistent picture of our
system. Although the 0 to π-transition of the JJ was
not directly observable due to the strong damping of the
critical current density jc we could estimate its position
at dF ≈ 1.9 nm.
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